. (2014). Towards quantifying the reaction network around the sulfate-methane-transition-zone in the Ulleung Basin, East Sea, with a kinetic modeling approach. Geochimica et Cosmochimica Acta, 140, 127-141. doi:10.1016Acta, 140, 127-141. doi:10. /j.gca.2014 We present a kinetic model based upon pore water data collected from eight sites drilled 13 during the second Ulleung Basin gas hydrate drilling expedition (UBGH2) in 2010. 14 Three sites were drilled at locations where acoustic chimneys were identified in seismic 15 data, and the rest were drilled on non-chimney (i.e. background) environments. Our 16 model, coupled a comprehensive compositional and isotopic data set, is used to 17 illustrate the different biogeochemical processes at play in those two environments, in 18 terms of reactions around the sulfate-methane-transition-zone (SMTZ). Organic matter 19 decomposition is an important process for production of methane, dissolved inorganic 20 carbon (DIC) and consumption of sulfate in the non-chimney sites, whereas anaerobic 21 oxidation of methane (AOM) dominates both carbon and sulfur cycles in the chimney 22 environment. Different sources of methane mediate AOM in the two settings. Internally 23 produced methane through CO 2 reduction (CR) and methanogenesis fuels AOM in the 24 non-chimney sites, whereas AOM is sustained by methane from external sources in the 25 chimney sites. We also simulate the system evolution from non-chimney to chimney 26 conditions by increasing the bottom methane supply to a non-chimney setting. We 27
Introduction
In this work, we present a kinetic model that simulates the concentration and isotopic 67
167
The carbon isotopic profiles were modeled by tracking 12 C and 13 C in all carbon species 168 individually. Within our formulation, the measured isotopic variability can be 169 explained by four different processes. First, a diffusion-induced fractionation has been 170 quantified by Zeebe and Wolf-Gladrow (2001), who showed that the diffusion 171 coefficients are inversely proportional to the square root of the reduced masses. 172
Secondly, isotopic changes can result in mixing of carbon with different isotopic 173 signatures and without any isotopic fractionation. For example, DIC released from 174 POCSR (Eq. A25) has a constant carbon isotopic signature that is similar to the organic 175 matter. We used the values of -23 or -19 ‰ reported by Kim (2007) for non-chimney 176 and chimney sites, respectively (see Table A4 ). ME (Eq. A26) releases methane and 177 DIC with very different isotopic signatures (Table A4 ) that reflect the isotopic 178 fractionation during this reaction. The authigenic carbonate has a constant carbon 179 isotopic signature of -38‰, and no significant difference in carbon isotopes was 180 observed on authigenic carbonates from chimney and non-chimney sites (Nehza et al., 181 2012) . The third type of isotopic fractionation is the equilibrium reaction between the 182 various carbonate species, which can be as large as 9‰ between CO 2(aq) and HCO 3 -183 (Mook, 1986; Zhang et al., 1995) . This is accounted for in our model by including the 184 At the non-chimney sites, the depth of SMTZ ranges from 5 to 10 meters below 208 seafloor (mbsf) (Table A3 ), and gas hydrates occurred disseminated within the 209 sediment or concentrated within coarse layers at depths ranging from ~70-190 mbsf 210 (Table A3) , where it occupies 12 to 79% of the pore space . In 211 contrast, the shallow depths of the SMTZ (<2 mbsf) at the three chimney sites point to a 212 higher methane flux, which is thought to support formation of massive gas hydrate at 213 shallow depths (<7 mbsf) (Table A3; 3 and Table A3 ). However, around 219 the SMTZ,  13 C-DIC is ~12-20 ‰ lighter at chimney sites relative to the non-chimney 220 sites, while  13 C-CH 4 is enriched (~10-15 ‰) in chimney sites. These patterns indicate 221 that reactions around the SMTZ, rather than variations in the fluid source, are 222 responsible for these isotopic patterns. 223
224

Results and Discussion 225
By fitting our model results to the available data (Figure 3) , we are able to derive 226 reaction rate profiles. From these, we calculated the depth-integrated rates in terms of 227 DIC, methane, and hydrogen sulfide production/consumption and reported them in 228 Table 1 and Figure 4 . The difference in reaction rates between the non-chimney and 229 chimney sites is discussed in the following paragraphs. 230 between inflow and outflow of DIC, a negative value of this parameter represents a net 234 outflux (i.e., DIC outflux > DIC influx). The larger outflux of DIC is due to the 235 permanent low concentration of DIC at seafloor (~2.2 mM), which sustains a 236 concentration gradient between depth of SMTZ and seafloor. The excess of DIC 237 outflux plus the net DIC consumption through reactions (CR and CP) equals to the net 238 DIC production through organic matter degradation (POCSR+ME) and AOM. For all 239 of the non-chimney sites, the DIC production rates through organic matter degradation 240 (POCSR+ME) within the model frame are at least 76% of the F DIC , indicating that the 241 DIC produced through organic matter degradation can account for most of the excess 242 DIC outflux. At these sites, DIC production rate via AOM is always lower than that 243 from organic matter decomposition and accounts for only ~25 to 46% of the total F DIC . 244
On the other hand, at chimney sites, organic matter degradation contributes only 245 slightly to the overall rate, and AOM accounts for more than 85% of the total F DIC . 246
247
At non-chimney sites, the primary pathway for organic matter degradation is POCSR, 248 which can account for up to 96% of total organic matter degradation. At chimney sites, 249 however, POCSR within the shallow SMTZ becomes less important. In order to fit the 250 isotopic data at the chimney sites, it is necessary to use higher kinetic constants for ME, 251 which in turn result in higher ME rates in this setting. These results illustrate how the 252 shallow sulfate reduction zone typical of chimney sites in the Ulleung basin (and 253 elsewhere), acts to deliver more labile organic matter to the methanogenesis zone, 254 where high ME rates lead to enhanced methane generation. 255 256 CR, the reaction via which methane is produced by reduction of in situ DIC plus that 257 derived from AOM, is an important sink of DIC for all sites (7-8%). However, the ratio 258 of CR to AOM, which represents the portion of self-supported AOM fueled by the 259 cycling between AOM and CR, is remarkably different between the non-chimney and 260 chimney sites. These ratios range from 19 to 33% at non-chimney sites, but are only 261 <10% at chimney sites. These differences indicate that CR is less important, when 262 AOM is actively fueled by high methane flux. 263 supports a fraction of the AOM at all sites (Figure 4b ). At the non-chimney sites, up to 267 35% of methane consumed by AOM comes from ME, whereas a maximum 18% of 268 AOM is supported by ME at chimney sites. Notice that as our model does not include 269 the ME presents beneath the model frame, the rate estimated for ME represents only the 270 contribution within this corresponding depth range and could underestimate the overall 271 contribution. The other internally-produced source of methane, CR, mediates about 19 272 to 33% of the AOM in the non-chimney sites and less than 10% in the chimney sites. 273
This reaction describes the carbon cycling between AOM and CR, which helps stabilize 274 the SMTZ when the methane flux is low (i.e., non-chimney sites) and becomes less 275 important when methane flux is high (i.e., chimney sites). The methane that is delivered 276 externally fuels only 44 to 63% of AOM in non-chimney sites but becomes much more 277 important (fuels >74% of AOM) at chimney sites. 278
279
The externally-delivered methane is the sum of all methane produced below our model 280 frames (i.e., 20 meters in non-chimney sites and 5 meters in chimney sites) regardless 281 of its origin. The source of methane from outside the model frame cannot be directly 282 constrained by our model, but we can make educated inferences based on the assigned 283 boundary conditions. At the chimney sites, the carbon isotopic composition of the 284 methane present at the lower model boundary is similar to that reported for the gas 285 hydrate-bounded methane recovered from the Ulleung Basin (Choi et al., 2013; Kim et 286 al., 2013b), and it is commonly heavier than that for the non-chimney sites (Table A4) . 287
However, at all sites the methane isotopic data reflects a microbial source (Choi et al., 288 2013; Kim et al., 2011 Kim et al., , 2012 Kim et al., , 2013b , indicating that a large portion of the methane is 289 produced by ME at depths deeper than those defined by our model frames. It is also 290 possible that migration of methane in the free gas phase is responsible for the high 291 carbon. In this work, in addition to the balance in mass and isotope budgets of dissolved 364 carbon species (i.e., DIC and methane), we also account for the dissolved hydrogen 365 source required in CO 2 reduction via pyrite formation ( Figure 6 and Table 1 ). The 366 satisfactory agreement of sulfur species profiles in two non-chimney sites and onemodel are reasonable, and furthermore, mass balances in carbon and sulfur cycling 369 supports the proposed reaction network, which includes the additional CO 2 reduction 370 within the SMTZ as a significant component of the carbon cycle in this 371 biogeochemically active zone. 372
373
At non-chimney sites, the dissolved hydrogen gas production rate (i.e., pyrite formation) 374 is less than 7 mol/cm 2 /yr. This value is within10% of the estimated hydrogen gas 375 consumption rate through CR (i.e., 4 times of CR rate in Table 1 due to the 376 stoichiometry in Eq. A23), and indicates a rapid turnover rate in non-chimney sites. In 377 contrast, there is a significant imbalance between production and consumption of 378 dissolved hydrogen gas at the three chimney sites: production rates are generally twice 379 as large as consumption rates. Pyrite formation in chimney sites is strongly stimulated 380 by the rapid AOM rates fueled by the enhanced bottom methane flux in the chimney 381 sites. CR is also stimulated by the enhanced AOM in the chimney sites (Table 1) If only a high AOM rate fueled by the high methane flux is considered, the pH and 413 carbon isotopes resulting from this enhanced reaction rate will not match our 414 observations. A good fit to the data is obtained by increasing the decomposition rate of 415 organic matter through ME rather than POCSR (Figure 7f) . Collectively, these changes 416 (lower CR to AOM ratios and higher ME rates), are responsible for the isotopically 417 light DIC and heavy methane observed in the SMTZ region of the chimney sites, 418 relative to the non-chimney sites (Figure 2) . 419 420 An increase in organic matter decomposition via ME is consistent with the fact that a 421 shallow sulfate reduction zone will limit the extent of POCSR, since the organic matter 422
will not spend enough time in that redox zone before burial in sediments devoid of 423 sulfate, where it is then available for ME. This effect is further enhanced because the 424 newly-deposited organic matter is more labile than older more-degraded organic cm of sediments will be buried during this time. However, due to the shoaling of SMTZ, 443 more sediment is now exposed to the attack by ME. The carbon isotopic data and pH 444 will begin to reflect the increase in ME rate after 2 kyr. The depth of SMTZ also slightly 445 decreases in this stage (~10 cm). Due to the lower ME rate relative to the AOM rate, it 446 takes in the order of 10 4 years (50 kyr in our model simulation) for the system to reach 447 steady state. 448
449
Conclusions 450
Our kinetic model can successfully reproduce the compositional and isotopic profiles 451 observed at the eight UBGH2 drilled sites. Striking differences in the biogeochemical 452 processes between the chimney and non-chimney environment were revealed and 453 illustrated in Figure 8 . As a result of the study, we conclude the following: 454 455 1. Organic matter that is buried in a non-chimney environment is degraded in the 456 6-8 m thick sulfate reduction zone through POCSR, and is responsible for the 457 majority of the DIC production in the pore water. This process consumes 40-65% 458 degradation becomes less important. While most (80~98%) of the organic matter 469 is degraded through POCSR in the non-chimney sites (comparing the 470 contributions from ME and POCSR in Figure 4a ), more organic matter (35~100%) 471 is now degraded through ME at the chimney sites due to the shrink of sulfate 472 reduction zone (i.e., shoaling of SMTZ). This change in organic matter 473 degradation modes and the resulting increase in methane production potential 474 should be considered in the future assessment of global gas hydrate inventories. 475 to an increase in bottom methane supply (17 times larger), the AOM and CR rates 554 increase by two orders of magnitude (note change in x axis scale), but the fraction of 555 AOM fueled by CR drops from 30% in the initial low flux condition to 10% in the final 556 high flux condition. POCSR is the primary organic matter degradation pathway in the 557 initial low flux condition while more organic matter is degraded through ME in the 558 final condition. This change in degradation pathways is related to the shoaling of 559 SMTZ driven by an increase in bottom methane supply and it is an important 560 consideration in estimates of methane-generation potential in marine sediments. 561 
